The role of cuticle changes in insecticide resistance in the major malaria vector Anopheles gambiae was assessed. The rate of internalization of 14 C deltamethrin was significantly slower in a resistant strain than in a susceptible strain. Topical application of an acetone insecticide formulation to circumvent lipid-based uptake barriers decreased the resistance ratio by ∼50%. Cuticle analysis by electron microscopy and characterization of lipid extracts indicated that resistant mosquitoes had a thicker epicuticular layer and a significant increase in cuticular hydrocarbon (CHC) content (∼29%). However, the CHC profile and relative distribution were similar in resistant and susceptible insects. The cellular localization and in vitro activity of two P450 enzymes, CYP4G16 and CYP4G17, whose genes are frequently overexpressed in resistant Anopheles mosquitoes, were analyzed. These enzymes are potential orthologs of the CYP4G1/2 enzymes that catalyze the final step of CHC biosynthesis in Drosophila and Musca domestica, respectively. Immunostaining indicated that both CYP4G16 and CYP4G17 are highly abundant in oenocytes, the insect cell type thought to secrete hydrocarbons. However, an intriguing difference was indicated; CYP4G17 occurs throughout the cell, as expected for a microsomal P450, but CYP4G16 localizes to the periphery of the cell and lies on the cytoplasmic side of the cell membrane, a unique position for a P450 enzyme. CYP4G16 and CYP4G17 were functionally expressed in insect cells. CYP4G16 produced hydrocarbons from a C18 aldehyde substrate and thus has bona fide decarbonylase activity similar to that of dmCYP4G1/2. The data support the hypothesis that the coevolution of multiple mechanisms, including cuticular barriers, has occurred in highly pyrethroid-resistant An. gambiae. malaria | insecticide resistance | hydrocarbons | mosquito cuticle | cytochrome P450
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The cuticle has been hypothesized to play a role in insecticide resistance via modifications that reduce or slow insecticide uptake. The phenomenon has been studied in some agricultural pests (7-9). Cuticle thickening, hydrocarbon (HC) content, and reduced deltamethrin penetration have been associated with high levels of pyrethroid resistance in the hemipteran Triatoma infestans, the vector of Chagas disease in the Americas (10, 11) , and cuticular resistance has been demonstrated in a dichloro-diphenyltrichloroethane (DDT)-resistant Drosophila strain (12) . Cuticular resistance has been hypothesized in mosquitoes, but empirical data are confined to a report that increased cuticle thickness is associated with pyrethroid resistance in Anopheles funestus (13) . Transcriptomic studies show substantial overexpression of multiple cuticular genes in several resistant Anopheles and Aedes mosquito populations (14) (15) (16) . Genes possibly involved in the biosynthesis of lipid components and fatty acid metabolism are also associated with resistant phenotypes in Anopheles arabiensis and An. gambiae (16, 17) . In particular, the cytochrome P450 cyp4g16 and cyp4g17 genes are overexpressed in resistant populations of both An. gambiae (18) and An. arabiensis (17) in several regions in Africa.
Unlike the Anopheles P450 cytochromes agCYP6M2 and agCYP6P3, which are localized primarily in Malpighian tubules and the mosquito gut (19, 20) and metabolize pyrethroids, no
Significance
Malaria incidence has halved since 2000, with 80% of the reduction attributable to the use of insecticides, which now are under threat of resistance. Understanding the mechanisms of insecticide resistance is a key step in delaying and tackling the phenomenon. This study provides evidence of a cuticular mechanism that slows the uptake of pyrethroids, contributing to the resistance phenotype and potentially broadening resistance to multiple insecticide classes, thus providing additional challenges to resistance management. Quantitative modification of cuticular hydrocarbons is associated with increased expression of a 4G cytochrome P450 enzyme, CYP4G16, which catalyzes epicuticular hydrocarbon biosynthesis. This work improves our understanding of insecticide resistance and may facilitate the development of insecticides with greater specificity to mosquitoes and greater potency.
role in insecticide resistance has been attributed to CYP4G17 and CYP4G16.
These P450 cytochromes are the only known members of the insect-specific 4G family of P450 cytochromes in An. gambiae. They are potential homologs of Drosophila dmCYP4G15 and dmCYP4G1. The latter has decarbonylase activity involved in the final step of cuticular hydrocarbon (CHC) biosynthesis from aldehyde precursors (21) . In Drosophila dmCYP4G1 is localized in the CHC-secreting oenocytes in the abdomen, and dmCYP4G15 transcripts are enriched in the head and nervous system (21, 22) . Both An. gambiae cyp4g17 and cyp4g16 transcripts are highly enriched in the abdominal integument (18) .
Here we analyzed barriers to insecticide uptake through the cuticle by comparing the rate of internalization of radiolabeled pyrethroid and the response to different modes of insecticide application in resistant and sensitive strains of mosquitoes. We subsequently investigated possible cuticular modifications between resistant and susceptible mosquitoes by transmission electron microscopy (TEM) and quantitative GC/MS approaches. Finally, we analyzed the expression profile, subcellular localization, and activity of the Anopheles 4G P450 cytochromes to investigate their function in the CHC pathway and possible role in resistance.
Results
Insecticide Uptake Is Slower in Resistant Insects, and Resistance Is Partially By-Passed by Acetone/Topical Application. Barriers to uptake were monitored initially by comparing the rate of internalization of a WHO standard oil-based formulation of radiolabeled insecticide after (tarsal) exposure on filter papers in the resistant and sensitive strains. By comparing radiolabeled 14 C extracted from the cuticle with residual 14 C in the whole mosquito, we observed that the internalization of deltamethrin was ∼50% slower in resistant than in susceptible mosquitoes (Table  1 ). In addition, there was a 50% drop in the resistance ratio (from 22.4-fold to 12-fold) when the insecticide was applied topically in acetone as compared with the contact-exposure assay (Table 1) .
TEM Analysis of Cuticle Thickness. To overcome issues in comparisons within and between samples, the apical region of the femur leg segment was analyzed. The same number of sections was taken in both samples, and measurements in each section (>10) were done randomly (Fig. 1A) . The overall cuticle thickness was variable across legs but was significantly higher in the resistant strain (2.13 ± 0.32 μm) than in the sensitive strain (1.873 ± 0.30 μm) (P < 0.05) (Fig. 1B, Left) . The thickness of epicuticle was much less variable and was significantly higher in the femur from resistant mosquitoes (resistant epicuticle = 0.57 μm ± 0.11 μm vs. susceptible epicuticle = 0.27 ± 0.04 μm; P < 0.01) (Fig. 1B, Right) and thus was the major contributor in the overall difference in the total thickness of the cuticle.
Resistant An. gambiae Mosquitoes Contain Larger Amounts of CHC than Susceptible Specimens. TLC analysis indicated that HCs were the most abundant components in the lipid layer of mosquito cuticle ( Fig. 2A, Inset) . GC analysis of CHCs and total mosquito HCs showed indistinguishable HC profiles by both GC-flame ionization detector (FID) and GC-MS ( Fig. 2A) , with CHCs representing 85.38 ± 0.99% of total HCs in resistant females and 81.91 ± 2.84% in susceptible females. A representative HC profile of adult An. gambiae is shown in Fig. 2A (also see Dataset S1). A previous report described 48 CHCs in Anopheles coluzzii, including n-alkanes, monomethyl, single-component dimethylalkanes, and small amounts of alkenes (23) . Here, we extend this identification to 70 multicomponent peaks and identify a variety of multi-isomeric methyl-and dimethyl-branched components (Dataset S1). Saturated very-long-chain dimethyl-and monomethylbranched components were the predominant structures. The relative abundance of multiple isomers of dimethyl-branched highmolecular-weight components, mostly of 39-47 odd-numbered carbon backbone, is remarkable (accounting for >50% of the HC blend). A multiplicity of 13,x-, 11,x-, and 15,x-isomers was found in most peaks, with x ranging mostly from 17 to 33 ( Fig. 2A and Dataset S1), followed by a series of internally branched monomethylalkanes up to a C47 backbone, minor amounts of even-numbered dimethyl-and monomethyl-branched chains, and odd-numbered straight-chain components from nC23 to nC33. Small amounts of straight-chain monounsaturated components up to 47 carbons, with double bonds located mostly in positions 9-, 7-, and other internal locations, were also identified.
Subsequently, CHCs derived from the resistant and the susceptible strains were compared. GC-FID analyses showed that, although there were no qualitative differences in the CHC profiles of resistant and susceptible female mosquitoes, the resistant mosquitoes contain significantly higher amounts (∼29%) of CHCs than susceptible specimens (Fig. 2B) .
Association of the 4G Family of P450 Cytochomes with the CHC Production Pathway. The finding of higher levels of CHCs in resistant mosquitoes supported a previous hypothesis that the increased expression of Anopheles 4G P450 cytochromes in resistant mosquitoes might be associated with up-regulation of the HC production pathway. To examine the function of the two Anopheles 4G P450 cytochromes found in the Anopheles genome, we undertook a series of experiments to identify cyp4g transcripts (Fig. S1 ), together with characterization of the subcellular localization and decarbonylase activity of the proteins encoded.
CYP4G17 Is Dispersed Throughout Oenocyte Cytoplasm, Whereas CYP4G16 Is Associated with the Intracellular Side of the Plasma Membrane. Longitudinal sections from frozen prefixed mosquito specimens were immunostained with α-CYP4G17-, α-CYP4G16-, and α-CPR-specific antibodies (green in Fig. 3A, Left) . Both CYP4G16 and CYP4G17 gave very strong signals and thus were likely to be highly abundant in oenocytes (Fig. 3A) , a cell type thought to secrete HCs. This group of cells, with a characteristic lobe shape, has previously been shown to express high levels of cytochrome P450 reductase (CPR), the obligatory P450 electron donor (24) . We were unable to detect specific signals in other tissues by immunostaining.
Surprisingly, high-magnification confocal microscopy focusing on oenocytes revealed different subcellular distributions for CYP4G17 and CYP4G16 (Fig. 3B) ; CYP4G17 resides throughout the intracellular region, similar to CPR, as expected from a microsomal P450 protein, whereas CYP4G16 is found at the periphery of the oenocyte cell, presumably associated with the plasma membrane (PM). The specificity of the antibody was checked by silencing the corresponding gene, followed by immunofluorescence (Fig. S2A) , and further immunofluorescence experiments in the presence or absence of detergent (± Triton X-100) (25) demonstrated that CYP4G16 is associated with the PM intracellularly (Fig. S2B ).
CYP4G16 Encodes a Functional Oxidative Decarbonylase. To provide direct evidence of HC synthesis involvement through an in vitro decarbonylase assay, CYP4G16 and CYP4G17 were expressed as fusion proteins with CPR (from housefly) in Sf9 (insect) cells using a baculovirus expression system similar to that described by Qiu et al. (21) . As shown in Fig. 4A , the CYP4G16 fusion preparation converted C18 aldehyde to HC with efficiency similar to that of the housefly CYP4G2 protein and showed timedependent decarbonylase activity with this substrate (Fig. 4B) . A similar fusion protein, CYP4G17, was produced at a lower concentration than CYP4G16 and did not demonstrate aldehyde decarbonylase activity with the C18 aldehyde substrate (Fig. 4A) .
Longer aldehydes could not be tested because of solubility and the unavailability of labeled substrate.
Discussion
The reduced penetration rate of 14 C deltamethrin in a highly resistant strain of An. gambiae suggests that cuticular modification may affect insecticide uptake. Similarly, reduced deltamethrin penetration was observed in a T. infestans resistant strain (10) , in which removal of the epicuticle lipid layer with solvents correlated with enhanced insecticide penetration and insect mortality (26) . A slower rate of penetration into the mosquito may enhance resistance by increasing the time available for metabolic processes to inactivate the insecticide before it reaches the target site. Possible cuticular modifications might include changes in the thickness of the cuticle or qualitative modification of its components. In the strains examined, resistant mosquitoes had a thicker epicuticle layer than susceptible mosquitoes and contained greater quantities of CHCs, but qualitative CHC profiles were not altered. The possibility that differences in the size of individuals or in their genetic background might introduce variability in cuticle thickness measurements cannot be excluded, although the average weight of the resistant and the susceptible mosquitoes was not different (resistant = 1.07 ± 0.118 mg; susceptible = 1.14 ± 0.102 mg, n = ∼500), and both strains were of the same molecular form and originated from West Africa. Interestingly, adult An. gambiae have a considerably higher CHC/ weight ratio (∼300-400 ng/mg) than reported for T. infestans (30-40 ng/mg) (11) . In addition, in An. gambiae CHCs represent the majority (>80%) of the total mosquito HCs, with a composition similar to that of the internal pool. In insects such as triatomines and cockroaches, only ∼10-20% of the HCs are transported to the surface, and the majority of the methyl-branched HCs are retained in the hemolymph as reservoir (27, 28) .
In addition, the An. gambiae strains examined have a distinct and remarkable abundance of very-long-chain methyl-branched HCs (VLCMHCs) compared with other insects examined to date (29) . VLCMHCs have been associated with increased waterproofing properties (30) and may be correlated with a need for greater desiccation resistance in these relatively small insects.
Quantitative GC/MS on whole-body extracts from pools of mosquitoes showed that resistant mosquitoes contain more CHCs than susceptible strains, as had been shown in similar studies with T. infestans (10, 11) . We hypothesized that increased HC production in resistant Anopheles might be associated with increased expression of CYP4G16 and/or CYP4G17 and might contribute to resistance by changing the permeability and insecticide-uptake rate (16) . To investigate the potential function of the two 4G P450 cytochromes, we defined their localization and in vitro oxidative decarbonylase activity.
Previous transcriptomic analysis of dissected mosquitoes indicated high levels of cyp4g16 and cyp4g17 mRNA in the abdominal integument (18) . We now show that within this abdominal region the respective proteins are highly abundant in oenocyte cells, which are known to produce and secrete HCs in other insects (21, 31, 32) . The two P450 cytochromes have different subcellular localizations: CYP4G17 was found throughout the intracellular compartment, as expected for a general endoplasmic reticulum (ER)-bound P450 protein (similar to CPR), and CYP4G16 was predominantly associated with the cytoplasmic side of the cell membrane. We cannot be sure whether this localization is within the PM or is part of the distal ER that may associate closely with the PM (33) . This site appears to be unique for a P450. A small number of mammalian P450 cytochromes have been localized within PMs. However, in these cases the major location site remains on the ER (34) . Furthermore, these mammalian membrane-bound P450 cytochromes have catalytic surfaces facing the extracellular space (35, 36) .
The different localization of the two P450 cytochromes may indicate differences in CYP4G16 and CYP4G17 cellular functions. One possible scenario could be that the proteins display different substrate specificities. So far, only CYP4G16 has been found to have in vitro decarbonylase activity against a C18 aldehyde substrate to produce HCs. Our efforts characterize the function of CYP4G17 fully were inconclusive, mainly because the protein was not stably expressed. However, we cannot rule out the possibility that CYP4G17 (and CYP4G16) can catalyze the conversion of lipids of different molecular weights and/or carrying methyl-branched precursors. Given its putative role in epicuticular lipid biosynthesis, the finding that Anopheles CYP4G16 protein exerts its decarbonylase activity associated with the PM is intriguing. The biosynthetic machinery responsible for lipid metabolism and the production of CHCs in other insects is thought to be localized on the smooth ER (37, 38) , although there are exceptions (39) . Further studies are needed to establish the localization of the other CHC enzyme machinery in An. gambiae, including elongases, desaturases, and reductases that would be expected to reside in the oenocytes. Our working hypothesis is that newly synthesized, very hydrophobic CHCs could be manufactured and loaded directly onto lipophorin at the lipophilic interface of the cell membrane for transport to the cuticle (32, 40) . In addition to the biosynthetic enzymes, an electron donor, such as the ER-bound CPR, is necessary for P450 activity. These studies indicate a degree of positional overlap of CPR with CYP4G16, indicating that CPR may well retain its function as an electron donor with P450 cytochromes in this PM-associated location (Fig. S2C) .
A functional in vivo link between the CYP4G16 and the synthesis of epicuticular lipids was not observed following cyp4g16 RNAi silencing. Although diminishing the oenocyte-expressed protein was successful at the adult stage (Fig. S2A) , no significant differences were observed in CHC content or composition. One possibility is that CHC biosynthesis is less active in adult oenocytes, and large deposits of CHC are generated during the late larval and pupal stages. The application of RNAi at earlier (pupal or larval) stages was not feasible, and it is likely that a transgenic approach to manipulate CYP4G16 and CYP4G17, specifically at earlier mosquito stages, is needed to elucidate this issue.
Together the data suggest a role of CYP4G16 in insecticide resistance via enrichment of the CHC content, thus reducing pyrethroid uptake. The cuticular-based resistance mechanism, in addition to targeting site resistance and detoxification, further strengthens the insecticide resistance phenotype and potentially broadens it to multiple insecticide classes, thus providing additional challenges to resistance management. The Tiassale strain used in this study is one of the most highly resistant field strains of An. gambiae, with resistance encompassing all currently used classes of public health insecticides (4) . Selection for and spread of such broad-spectrum mechanisms should be avoided; otherwise, resistance to insecticides could have a massive impact on our ability to prevent malaria and other vector-borne diseases.
Materials and Methods
Mosquito Strains and Bioassays. The An. gambiae strain N'Gusso, from Cameroon, is susceptible to all classes of insecticide. The Tiassale strain, from southern Cote d'Ivoire, is resistant to all insecticide classes (4). Mosquitoes were reared under standard insectary conditions at 27°C and 70-80% humidity under a 12-h:12-h photoperiod. Bioassays, including tarsal contact and topical application of the insecticide deltamethrin, were conducted as previously described (41) , with minor modifications. For tarsal contact exposure, 10-13 mosquitoes were exposed to the coated surface of a Petri dish. For topical application, mosquitoes were briefly anesthetized using CO 2 , and 0.25 μL of insecticide solubilized in acetone was carefully applied to the dorsal thorax using a Burkard hand microapplicator (Burkard Scientific). Five replicates of 10 mosquitoes were exposed to each insecticide concentration. After exposure, mosquitoes were maintained at 27 ± 2°C and 70 ± 5% relative humidity with access to a 10% (wt/vol) sucrose solution. Mortality was assessed 24 h after exposure.
Penetration Rate of 14 C Deltamethrin. Thirty to thirty-five female mosquitoes from each strain were exposed for 3 min to radiolabeled 0.01% deltamethrin, donated by Ralf Nauen, Bayer CropScience, Monheim am Rhein, Germany, on impregnated filter paper, using standard WHO bioassay protocols (apps.who. int/iris/bitstream/10665/64879/1/WHO_CDS_CPC_MAL_98.12.pdf). At the end of the exposure, mosquitoes were collected and rinsed three times with 1 mL hexane. The washes were retained. Mosquitoes were allowed to dry before homogenization in 500 μL PBS. Ten milliliters of liquid Scintillation Counting Mixture (Ultima Gold; 6013326; PerkinElmer) was added to each sample, and the corresponding counts per minute were measured on a beta counter (LS1701; Beckman). The penetration rate (PR) was calculated as the ratio of internal counts per minute to total counts per minute.
TEM. The apical regions of the femur leg segment of 25 susceptible and 25 resistant female mosquitoes were dissected and fixed in 2% (vol/vol) glutaraldehyde, 2% (vol/vol) paraformaldehyde in 0.1 M sodium cacodylate buffer (SCB), pH 7.4, for 24 h at 4°C with constant rotation. The samples were washed three times for 5 min each in 0.1 M SCB, postfixed in 1% aqueous OsO 4 for 12 h at room temperature with constant rotation, and then washed again as above. After the last washing, the samples were stained with 2% (vol/vol) uranil acetate for 1 h. Then the samples were rinsed with SCB, dehydrated through an ascending acetone gradient [30-50-70-90-100% (vol/vol)], infiltrated with Durcupan ACM Fluka resin [3:1 propylene oxide: resin mixture for 1 h followed by a 1:1 and a 1:3 propylene oxide:resin mixture for 1 h each and finally 100% (vol/vol) resin for 16 h], and embedded in flat molds. The resin was cured in a drying oven at 60°C for 48 h. Samples were trimmed, thin-sectioned (gold section), and absorbed onto 300-mesh copper grids. Observation was carried out using a high-resolution JEM 2-100 transmission electron microscope (JEOL) at an operating voltage of 80 kV.
Extraction of Lipids, Separation by TLC, HC Fractionation, and Derivatization. Cuticular lipids from female mosquito specimens were extracted by three 1-min immersions in hexane with gentle agitation, and extracts were pooled and evaporated under a N 2 stream (20 insects per tube, n = 5 resistant and n = 4 susceptible). Internal HCs were further extracted from the same samples after 24-h immersion in 2.5 mL hexane and a final hexane washing (2 mL). Total HCs were extracted in the same way without prior extraction of cuticular lipids. The lipid extracts were analyzed by TLC on 4 × 8 cm Polygram Sil G/UV254 silica gel plates (Macherey-Nagel) using two development solvent mixtures: n-hexane [100% (vol/vol)], followed by n-hexane:ethyl ether:acetic acid [80:20:1 (vol/vol)]. Plates were sprayed with 5% sulfuric acid in 95% (vol/vol) ethanol, and lipid bands were visualized after charring at 180-200°C for 20 min. HCs were separated from other components by adsorption chromatography on a minicolumn (2.5 × 0.5 cm i.d.) of activated SUPELCOSIL A (Supelco), eluted with hexane (4 mL), and then concentrated under an N 2 atmosphere. Double-bond location was detected after derivatization of the HCs according to Carlson et al. (42) . Total HC extracts obtained from 100 susceptible female mosquitoes were solved in hexane (100 μL) and treated with 100 μL of dimethyl disulfide and 50 μL of iodine solution in diethyl ether (60 mg/mL). The reaction mixture was held for 4 h at 40°C, diluted with 0.5 mL of hexane, and treated with Na 2 S 2 O 3 10% (wt/vol) (Merck) until the iodine color disappeared. The organic phase then was separated and evaporated under N 2 .
CHC Quantitation and Identification by GC and GC/MS. GC analyses were performed using a Hewlett-Packard 6890 gas chromatograph with an FID and equipped with a split/splitless injector port, fitted with a high-temperature capillary column (30 m L × 0.25 mm i.d., 0.25 μm film thickness) (Zebron ZB-5HT Inferno; Phenomenex). The oven temperature was programmed to increase from 50°C (hold time 2 min) to 180°C in increments of 20°C/min and then from 180°C to 330°C in increments of 3°C/min (hold time 10 min). The relative amount (mean value ± SD) of each component was calculated by dividing the corresponding peak area by the total HC peak area. Quantitative amounts were estimated by coinjection of nC24 as an internal standard (28 ng per sample). GC-MS analyses were performed using the GC equipment and column described for GC-FID analysis, coupled to a mass-selective detector (MSD) (Agilent model 5975C VL). The injector port was operated in splitless mode at 360°C, and the oven temperature was programmed to increase from 50°C (hold time 1 min) to 200°C in increments of 50°C/min and then to 360°C in increments of 7°C/min, with a holding time of 20 min. The carrier gas was helium, at 11.36 psi, with a linear velocity of 39 cm/s. The MSD was operated in the SCAN mode with a mass range of 35-850 atomic mass units, electron impact mode at 70 eV, and transfer line at 360°C; the ionization chamber was operated at 280°C (43) . Methyl branching assignment was based on their mass fragmentation pattern and Kovats index values, estimated after injection of n-alkane standards, of 22-44 carbons (Sigma Aldrich) (43) . Shorthand nomenclature to identify the HCs used in the text and tables is as follows: CXX indicates the total number of carbons in the straight chain; linear alkanes are denoted as n-CXX; the location of methyl branches is described as x-Me for monomethyl alkanes and as x,x-DiMe for dimethyl alkanes. Alkenes are shown as x-CXX:1.
Raising of Antibodies. Rabbit polyclonal antibodies targeting a recombinant CYP4G16 peptide were made and affinity purified by Davids Biotechnologie. The sequence encoding the peptide (LRHRKMWLYPDLFFNLTQYAKKQVKLLNTIHSL-TKKVIRNKKAAFDTGTRGSLATTSINTVNIEKSKSDSTKTNTVEGLSFG) was cloned using the primers Fab16 and Rab16 (Table S1 ), expressed in bacteria with a 6xHis tag at the N terminus, and affinity purified to homogeneity by Ni-NTA 2+ chromatography. The purified peptide was used as an antigen to develop antibodies
